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OPTICAL  PROPERTIES  OF  COMPRESSIBLE  INHOMOGENEOUS  SHEAR  LAYERS 
RELEVANT  TO  HIGH  POWER  LASERS 

ABSTRACT 

Shear  layers  and  wakes  are  a  najor  source  of  optical  degradation  in 
flow  lasers.  The  structure  of  these  flows  has  been  studied  experimentally 
with  special  attention  given  to  their  optical  properties.  Gases  with 
different  refractive  indices  were  investigated  and  the  effects  of  density 
ratio  and  Mach  number  were  measured.  The  time  averaged  optical  properties 
of  inhomogeneous  shear  layers  are  reported  here  wherein  the  principle  for 
field  measurement  was  the  Strehl  ratio.  Modification  of  the  apparatus  for 
low  speed  measurement,  including  periodic  forcing  of  the  shear  is  discussed. 
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I.  INTRODUCTION 

Fluid  mechanics  is  involved  in  many  lasing  processes  and  the  flow  field 
must  he  of  excellent  optical  quality  so  that  a  near  diffraction  limited 
laser  beam  may  be  attained.  With  the  general  trend  of  laser  development 
towards  shorter  wavelenghts,  the  fluid  optics  challenge  is  increased  con¬ 
siderably.  In  general ,  the  conditioning  of  the  gas  laser  cavity  or  external 
flow  effects  will  continue  to  be  a  problem  area.  The  fluid  mechanical 
sources  of  fluid  possible  optical  difficulties  must  be  carefully  examined 
and  understood.  It  is  known  that  phase  distribution  as  well  as,  to  a  lesser 
degree,  amplitude  distribution  across  a  coherent  bean  determines  beam 
quality.  We  studied  basic  fluid  mechanical  properties  of  compressible  shear 
layers  and  their  effect  on  the  phase  distribution  of  a  laser  beam. 

The  2-D  inhomogeneous  shear  layer  is  chosen  for  a  number  of  reasons. 

It  is  a  simple  and  well  studied  flow,  at  least  a  low  Mach  number,  M.  How¬ 
ever,  there  is  no  experimental  optical  data  which  concentrates  on  the  coher¬ 
ent  effects  produced  by  the  layer  and  the  extent  of  the  mixing  interface  on 
optics.  Part  of  the  research  involves  studying  the  properties  of  single 
two-dimensional  shear  layers  at  high  Mach  numbers  and  Reynolds  numbers  ap¬ 
propriate  for  high  power  lasers.  Exprimental ly  this  involves  a  systematic 
investigation  with  independent  control  of  density  ratio  and  compressibility 
effects  of  the  free  jets,  which  has  not  been  done  before.  The  optical 
quality  of  each  shear  layer  was  measured  by  examining  the  farfield  diffrac¬ 
tion  pattern  of  laser  beams  passing  through  the  layer.  We  hoped  to  under¬ 
stand  and  to  predict  compressible  shear  layer  growth  rate  and  optical  per¬ 
formance  on  the  basis  of  this  study.  Ways  of  controlling  the  optical  degra¬ 
dation  due  to  these  layers  has  been  suggested  too.  The  2-D  layer  is  now 
being  observed  using  controlled  perturbation  techniques  which  may  be  used  to 
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advantage.  The  structures  of  these  layers,  when  subjected  to  small  but  con¬ 
trolled  perturbations,  change  leading  to  a  rapid  change  in  the  mixing  rate 
and  probably  the  optical  quality  of  the  layer. 

In  the  following  sec*ion  we  will  discuss  our  progress  during  this 
grant. 


II.  PROGRESS  DURING  GRANT  PERIOD 

a.  Equipment  and  Setup 

We  were  forced  to  move  the  experimental  apparatus  to  a  new  location 
early  in  our  program.  The  new  laboratory  (location  in  the  AERB)  resulted  in 
improved  apparatus  and  larger  mass  flow  capability  than  from  the  previous 
setup.  As  part  of  the  move,  a  new  and  larger  capacity  gas  supply  and  meter¬ 
ing  system  was  constructed. 

The  test  gases  were  ducted  away  from  the  optical  table  area  after  being 
discharged  hy  the  free  jet,  otherwise  there  would  be  optical  interference 
with  the  diagnostic  systems.  The  exhaust  system  carries  the  spent  test 
gases  away  from  the  optical  table  and  discharges  them  outside  the  laboratory 
building.  The  modest  suction  required  is  provided  by  an  ejector  in  the 
exhaust  ducting. 

Substantial  changes  were  made  in  the  schlieren  and  i nterferometer  opti¬ 
cal  diagnostic  systems.  Both  systems  were  increased  to  7.5  cm  aperture 
(from  earlier  aperture  of  4  cm)  and  the  schlieren  system  was  further  modi¬ 
fied  to  permit  observation  parallel  and  perpendi cular  to  the  shear  layer 
simultaneously.  The  Mach-Zehnder  interferometer  system  uses  6.5  cm  beam 
splitters  and  mirrors  and  a  new  7.5  cm  beam-expanding  telescope  was  built. 
The  equipment  includes  a  ruby  laser  and  another  Galilean  beam  expanding- 
tel escope. 
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Nozzle  exit  dimensions  chosen  were  1.4  cm  x  1.4  cm  for  Mach  numbers  up 
to  2.0.  These  represented  a  compromise  between  having  a  realistic  nozzle 
dimension  and  the  prohibitive  expenses  associated  with  large  test  gas  mass 
flows.  Reynolds  numbers  based  on  the  nozzle  exit  dimensions  will  vary  from 
1.6  x  105  at  M  =  0.5  to  1.4  x  106  at  M  =2.  A  sketch  of  the  test  section  is 
shown  in  Fig.  1  for  the  reader's  convenience. 

b.  Observations  and  Tests 

During  the  first  part  of  this  program  subsonic  shear  layers  were 
investigated.  Shear  layer  qrowth  rates  for  jet  Mach  numbers  of  0.1,  0.3  and 
0.6  were  measured  using  a  Mach-Zehnder  i nterferometer.  Interferograms  using 
a  He-Ne  laser  source  were  obtained  for  jets  with  various  density  ratios. 
Time-averaged  optical  density  (So=n=-l)  profiles  through  shear  layers  were 
calculated  using  such  data.  The  results  were  compared  with  data  available 
in  the  literature  at  low  Mach  numbers  and  fairly  good  agreement  was 
achieved.  We  have  observed  a  30%  growth  rate  reduction  with  the  increase  of 
Mach  number  from  0.1  to  0.6.  Higher  subsonic  Mach  number  tests  have  been 
tried  with  Mach-Zehnder  interferometers,  but  the  optical  quality  of  long 
exposure  interferograms  are  poor  due  to  loss  of  optical  contrast.  Stop 
action  schlieren  photographs  were  taken  for  various  jets  of  gas  at  Mach 
numbers  of  0.1,  0.6  and  0.9.  The  density  ratio  was  varied  from  0.66  to  7.2. 
For  the  lower  Mach  number  jets  coherent  structure  is  not  clear.  Pictures 
were  also  taken  simultaneously  normal  to  the  shear  layer.  Time  averaged 
schlieren  photographs  have  provided  qualitative  measurements  of  the  shear 
layer  growth  rates.  A  reduction  in  the  growth  rate  of  shear  layers  with 
increasing  Mach  number  and  density  ratio  was  observed. 


Stop-action  i nterferograms  viewed  normal  to  the  turbulent  interface 
have  been  taken  for  all  the  test  gases.  Such  data  provide  near-field  phase 
infromation.  A  package  of  software  for  automated  data  reduction  using  digi¬ 
tal  reading  and  processing  of  interferograms  on  an  Apple  II  computer  was 
developed.  With  the  aid  of  this  program,  we  were  able  to  calculate  the 
phase  degradation  of  a  ruby  laser  beam  as  a  function  of  the  distance  from 
the  exit  of  nozzle. 

Papers  were  published  related  to  the  work  on  this  project.  The  first 
deals  with  the  fluid  mechanical  aspects  of  the  program  and  was  presented  at 
the  17th  AIAA  Fluid  Dynamics,  Plasma  Dyanmics  and  Lasers  Conference  in  June, 
1984  The  second  paper  deals  with  the  optical  properties  of  the  shear  layers 
and  was  presented  at  the  Chemical  Gas  Flow  Lasers  Conference  in  August, 

1184.  A  third  paper  on  computer  reduction  of  the  interferograms  was  pub¬ 
lished  in  the  Review  of  Scientific  Instruments. 

Testing  of  a  shearing  i nterferometer  as  a  supplement  for  the  Mach- 
Zehnder  interferometry  was  initiated  then.  The  shearing  interferometer  pro¬ 
duces  an  interference  pattern  between  two  rays  displaced  a  finite  distance 
apart  by  the  splitter  plate.  The  interference  pattern  produced  by  the  flow 
field  does  not  give  optical  density,  but  optical  density  difference  between 
a  preset  distance  across  the  flow-field.  The  test  results  proved  useful, 
hut  additional  development  was  not  warranted. 

Later  shear  layer  growth  rates  for  Mach  numbers  in  excess  of  0.9  were 
measured  using  a  shearing  i nterferometer  using  a  He-Ne  laser  source.  Pulsed 
schlieren  pictures  were  also  taken  of  these  flows.  A  series  of  stop  action 
Mach-Zehnder  i nterf erograms  of  shear  layers  at  Mach  numbers  up  to  1.4  were 
also  taken  and  some  interesting  features  were  observed.  But  the  most 
consistent  results  on  spreading  rates  came  from  long  exposure  schlieren 


-5- 


measurements.  In  these  measurements,  the  shear  layers  spreading  rates  were 
seen  to  decrease  significantly  with  increasing  M.  A  density  ratio  effect 
(spreading  rates  decreasing  with  increasing  x  )  was  also  seen.  Large  scale 
coherent  structures  of  the  type  well  known  in  low  speed  shear  layers  were 
very  obvious  at  M=0.1,  were  progressi vely  less  apparent  at  M=0.6  and  M=(J.9 
and  were  apparently  absent  at  M=1.4.  The  results  of  shear  layer  thickness 
measurements  are  shown  in  Figs.  2  and  3. 

Experiments  were  carried  out  to  investigate  the  optical  properties  of 
fast  shear  layers  by  means  of  far  field  diffraction  patterns  of  a  circular 
laser  beam  resulting  from  its  passage  through  the  layer.  The  focal  plane 
energy  distribution  of  the  laser  beam  is  the  far  field  pattern  that  was 
measured  as  part  of  this  program.  For  these  experiments,  two  different 
sized  parallel  HeNe  laser  beams,  one  0.5  cm  in  diameter  and  the  other  1.0  cm 
in  diameter,  were  used  to  produce  the  far-field  information.  Each  beam  was 
passed  through  a  rectangular  gas  jet  with  cross  section  of  1.4  cm  on  a  side 
hounded  on  three  sides  by  glass  walls.  After  passing  through  the  shear 
layer  and  jet,  the  beam  exited  through  the  glass  wall  and  was  demagnified  by 
a  telescope  for  convenience.  The  modified  Airy  pattern  image  was  thus 
produced.  The  far  field  images  were  than  compared  to  the  tare  data  taken  in 
an  identical  manner,  except  without  the  gas  jet  and  shear  layer. 

Optical  quality  measurements  taken  normal  to  the  high  subsonic  flow 
shear  layer  were  carried  out  using  a  cw  HeNe  light  source  to  obtain  time 
averaged  results.  The  measurements  concentrated  on  Strehl  ratio  and  tilt 
aberration  error.  These  results  were  obtained  by  using  a  new  electronic 
digital  image  acquisition  system.  These  measurements  covering  various  Mach 
numbers,  M,  and  density  ratios,  were  published  in  two  masters  theses  at  the 
University  by  D.  Higgins  and  T.  Blum. 
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These  results  coupled  with  our  previous  shear  layer  measurements  pro¬ 
vided  us  with  values  of  shear  layer  width  to  correlate  with  density  ratio 
and  Mach  number.  The  near-field  beam  degradation  may  be  related  to  the  far- 
field  intensity  if  the  Strehl  ratios  are  measured.  Parameters  such  as  the 
laser  wave  number,  k,  and  the  index  refraction  change.  An,  across  the  layer 
are  known.  The  mean  shear  layer  thickness,  5,  is  known  from  our  fluid 
mechanical  experiments.  In  the  cases  where  no  coherent  structure  is  seen, 
the  scale  lengths  may  he  assumed  to  be  roughly  proportional  to  the  measured 
shear  layer  thickness.  Under  these  conditions  we  may  write  the  Strehl  ratio 
as 

Strehl  Ratio  =  exp  (-7^)  =  exp  (-Ak^An^S^) 

Values  of  A  were  found  for  the  range  of  interest  based  on  our  measurements 
of  5  and  Strehl  ratio.  This  correlation  relates  the  far-field  performance 
to  fluid  mechanical  parameters  that  are  defined  with  respect  to  the  mean 
thickness  of  the  shear  layer.  A  synopsis  of  this  optical  work  has  been 
puhlished  in  the  Proceedings  of  the  International  Conference  on  Fluid 
Mechanics  in  China  1987. 

c.  Low  Speed  experimental  Setup 

The  optical  results  in  which  large  scale  structures  seem  to  assert  an 
influence  require  additional  testing.  Because  of  experimental  difficulties 
on  the  size  of  the  apparatus  and  practical  interest  in  low  speed  flow,  the 
emphasis  has  been  shifted  from  a  high  speed  shear  layer  to  the  optics  of  low 
speed  shear  layers.  This  required  a  transition  to  a  new  flow  facility  which 
has  been  huilt.  This  new  and  much  larger  wind  tunnel  allows  for  laryer  test 
beams  (diameter  >  5.0  cm).  In  contrast  to  what  was  done  earlier,  two 
coplanar  flows  with  velocities  Uj  and  U^  and  densities  and  p£  initially 
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mix  on  contact  at  x  =  0.  Previously,  only  one  free  jet  had  been  used.  Now 
the  velocity  ratio  can  be  varied.  The  Mach  numbers  of  the  flows  are  con¬ 
siderably  less  than  one  and  should  have  no  effect  on  the  shear  layer.  In 
addition,  each  nozzle  exit  geometry  has  an  aspect  ratio  of  4:1  in  order  to 
provide  for  better  2D  flow  characteristics  and  are  enlarged  considerably  for 
ease  of  use.  The  overall  flow  consists  of  free-shear  layer  mixing  between 
two  parallel  streams  in  the  presence  of  walls  which  bound  the  streams. 

This  low  speed  test  facility  essentially  consists  of  two  independent 
side-by-side  tunnels  discharging  into  a  common  test  section  as  shown  in 
Fig.  4.  Each  channel  was  installed  with  one  honeycomb  and  three  screens  to 
reduce  the  turbulence  level  of  the  freestream.  A  perforated  plate  was 
inserted  in  one  of  the  channels  to  produce  a  velocity  difference  between  the 
two  streams.  The  nozzles  have  exit  cross  sections  of  4"  x  1"  each.  The 
turbulence  level  was  measured  by  hot  wires  to  be  about  0.5*  at  the  exit 
plane  of  the  nozzles.  A  plexiglass  test  section  was  fabricated  to  be  12’’ 
long,  4"  wide  and  2"  high.  The  top  and  bottom  walls  were  adjustable  so  that 
the  pressure  gradient  in  the  flow  direction  can  be  minimized.  Under  there 
conditions,  the  flow  field  is,  on  the  basis  of  hot  wire  and  optical  measure¬ 
ments,  very  similar  to  those  of  others.  Extensive  depth  hot  wire  measure¬ 
ments  in  perturbed  flow  are  in  the  process  of  being  obtained. 

Using  optically  dissimilar  gases  provides  differences  in  the  index  of 
refraction  that  can  be  used  to  study  the  flow  and  obtain  optical  details  on 
the  mixing  process.  A  rectangular  plenum  chamber  equipped  with  six  small 
fans  was  utilized  to  supply  air  flow.  Other  gases  were  introduced  from 
pressurized  gas  bottles  for  the  dissimilar  gas  mixing  layer  case  with  an 
additional  splitter  plate.  A  thin  oscillating  flap  with  a  width  of  10  mm 
was  added  at  the  end  of  the  splitter  plate  as  a  source  of  external 
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perturbation.  It  was  suspended  by  a  music  wire  under  tension  such  that  the 
flap  could  be  oscillated  around  its  leading  edge  by  two  voice  coils  at  fre¬ 
quencies  up  to  200  cps  and  up  to  an  amplitude  of  2  mm  (see  Fig.  4).  The 
second  part  of  the  preliminary  investigation  is  the  inhomogeneous  mixing 
layer.  Air-He  and  air-CO^  mixing  layers  were  chosen,  because  substantial 
index-refraction  differences  exist  between  these  gases  which  are  very  good 
for  schlieren  and  shadowgraph  pictures.  The  experiment  conditions  were  kept 
hasically  the  same  as  the  air  to  air  mixing  layer  in  order  to  be  comparable. 
The  instantaneous  schlieren  and  shadowgraph  pictures  with  both  plan  and  side 
view  in  both  inhomogeneous  and  homogeneous  mixing  layers  have  been  done. 

With  perturbation,  the  nature  of  large  coherent  structures  in  the  spanwise 
direction  is  evident  and  showed  in  side  and  plan  view  pictures. 

Our  preliminary  experimental  results  confirmed  the  two-dimensional 
nature  of  large  streamwise  coherent  structures  in  both  the  homogeneous  and 
inhomogeneous  mixing  layers.  They  are  essentially  a  kind  of  instability 
wave  having  a  natural  frequency  and  are  highly  susceptible  to  external 
perturbation.  This  feature  may  make  it  possible  to  improve  and  finally  con¬ 
trol  the  optical  properties  of  the  mixing  layer. 

d )  Numerical  Modeling 

While  the  project  is  largely  experimental,  numerical  simulations  of 
plane  2D  mixing  layers  have  also  been  initiated  this  year.  Direct  numerical 
simulations  are  currently  being  carried  out  by  solving  the  nonsteady  2D 
Euler  equations  without  employing  sub-grid  scale  modeling. 

Basically,  we  are  applying  MacCormack's  finite  volume  methods  to  solve 
the  Euler  equations.  Only  the  explicit  scheme  has  been  used  at  this  time. 
Even  for  two  dimensional  flow,  such  a  program  is  formidable  and  takes  con¬ 
siderable  computer  time.  Our  initial  results,  for  an  air-air  shear  layer 


with  a  velocity  ratio  of  1/2  show  a  normalized  spreading  rate  of  about 
0.055.  This  is  smaller,  but  consistent  with  some  experimental  observations 
which  are  about  0.06.  Mean  values  of  streamwise  velocity  show  a  character¬ 
istic  spreading  behavior.  It  seems  that  the  mean  growth  of  the  shear  layer 
is  given  quite  well  even  if  viscosity  is  not  employed  in  the  basic 
equations.  However,  considerable  improvements  in  the  code  are  needed  for 
inhomogeneous  flows.  We  are  now  computing  two  air  streams  with  different 
enthalpies  so  that  the  density  ratio  is  1.1. 
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Test  section  and  typical  nozzle  for  proposed  research 
(a)  Configuration  with  single  nozzle  for  initial 
contract  period  (-u=0).  (b)  Double  nozzle  configura¬ 

tion  which  may  be  used  for  later  work  (-u^0). 
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Abstract 

Fluid  mechan^al  and  optical  properties  of  two- 
dimensional,  subsonic  shear  layers  with  zero 
velocity  ratio  have  been  Investigated,  Experimental 
measurements  of  shear  layer  growth  rates  and  laser 
beam  degradation  for  propagation  normal  to  the 
turbulent  Interface  are  presented.  From  schlleren 
photographs  and  long  exposure  Interferograms  taken 
parallel  to  the  shear  layer,  growth  rates  were  found 
to  decrease  with  increasing  Mach  numoer.  Coherent 
structure  was  observed  at  jet  Mach  lumbers  of  0.1, 
while  the  shear  layer  structure  appears  to  be  more 
random  at  jet  Mach  numbers  of  0.6  to  0.9.  Inter¬ 
ferograms  taken  normal  to  the  shear  layer  snow  that 
the  greatest  beam  degradation  Is  for  a  helium  Jet 
since  the  net  Index  of  refraction dl  fference  across 
the  shear  layer  is  the  largest.  The  helium  jet  also 
produced  larger  shear  layer  growth  rate  than  the 
others.  The  least  beam  degradation  was  observed  for 
a  jet  of  a  helium  and  argon  mixture  with  a  small 
refractive  Index  change  across  the  shear  layer. 

1 .  Introduction 

There  are  nune,-ou$  Instances  where  laser  beams 
encounter  turbulent  Interfaces  In  high  power  gas 
laser  technology.  Shear  layers  and  waxes  occur  In 
the  resonators  of  most  high  power  laser  systems,  but 
particularly  in  the  gasdynamic  laser  and  supersonic 
diffusion  laser.  The  extraction  of  power  usually 
involves  passing  the  beam  through  interfaces  which 
often  Involve  dissimilar  gases  of  different  optical 
properties.  Shear  layers  are  also  an  Important 
feature  of  aerodynamic  windows  (f.e.,  gas  windows 
which  separate  the  lasing  medium  from  the  surroun¬ 
ding  environment  by  means  of  aerodynamic  forces  even 
with  substantial  pressure  differences  across  the 
window).  While  a  number  of  Investigations1,1,3  of 
the  optical  properties  of  this  flow  have  been 
carried  out,  additional  study  Is  warranted  to  cover 
a  wider  range  of  experimental  conditions. 

A  review  of  the  literature  on  shear  layers 
indicates  that  most  experiments  are  restricted  to 
low  Mach  numbers  or,  when  compressibility  is 
important,  to  conditions  limited  to  those  obtained 
from  air  streams  of  equal  stagnation  temperature 
rather  than  dissimilar  gases.  In  the  latter  cases, 
Mach  numoer  and  density  ratio  were  varied  simulta¬ 
neously,  making  It  difficult  to  separate  the  effects 
of  compressibility  and  density  ratio.  The 
experimental  conditions  of  the  earlier  work  are 
shown  In  Fig.  1  by  points  In  the  Ap  and  Mj  plane 
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where  Ap  Is  the  density  ratio  and  Mi  Is  the  Hach 
number  of  the  high  speed  gas  stream.  All  the  points 
are  either  Incompressible  results  or  fall  along  a 
single  curved  line.  Representative  values  for  high 
power  laser  resonators  lie  In  the  hatched  areas  In 
the  A  -Hj  plane.  The  hatched  area  along  Ap  »  1  In 
Fig.  I  Is  representatl ve  of  refractive  index  matched 
aerodynamic  windows. 

The  fluid  dynamics  and  gas  optical  properties 
of  single  two-dimensional  shear  layers  at  Hach 
numbers  and  Reynolds  numbers  appropriate  for  high 
power  lasers  are  being  studied.  Experimentally  this 
Involves  a  systematic  Investigation  through 
Independent  control  of  density  ratio  and  compressi¬ 
bility  effects  of  the  free  jets.  This  Is  usually 
accomplished  by  using  jets  of  various  helium  and 
argon  mixtures.  Gf  Importance  is  the  examination  of 
compressible  shear  layers  accompanying  these  jets 
for  evidence  of  coherent,  large  scale  vortical 
structures ,  since  such  large  scale  structures  re 
even  more  troublesome  optically  than  a  random  tur¬ 
bulent  field. 

This  paper  describes  the  construction  and 
assembly  of  a  subsonic  nozzle  system.  Tie  density 
fields  snowing  shear  layer  spreading  was  measured 
using  1  eng-expos jre  i  nt er f erpgrams .  In  addition, 
step-action  schlleren  pnotograpns  have  been  taxen 
with  pictures  taxen  simultaneously  parallel  and  per¬ 
pendicular  to  the  shear  layer  These  tests  have  been 
done  at  Mach  numbers  of  0.1,  0.6  and  0.9  with 
various  density  ratios.  At  the  same  test  condi¬ 
tions,  long  exposure  Interferograms  parallel  to  tie 
shear  layer  using  an  He-Ne  laser  have  been  taken. 
This  permits  determination  of  the  shear  layer 
spreading  rates.  These  growth  rates  are  compared 
with  the  literature,  thus  checking  the  quality  of 
the  flow  field  and  evaluating  the  interferometric 
technique.  A  particular  aspect  of  this  experiment 
Is  to  study  the  effect  of  Mach  number  on  large  scale 
structures.  Interferograms  using  a  ruby  laser  beam 
perpendicular  to  the  shear  layer  have  been  taken 
also.  The  photographs  provide  preliminary  phase 
error  data  which  are  used  to  determine  the  scale 
Size  and  amplitude  of  the  refractive  index  pertur¬ 
bations  In  the  shear  layer  and  shew  the  regions  of 
the  shear  layer  producing  tne  most  serious  degrada¬ 
tion  of  the  laser  beam.  These  measurements  should 
enaole  one  to  identify  the  basic  fluid  mechanical 
optical  effects  of  shear  layers  and  their  effect  on 
far-fteld  performance  of  a  laser  beam. 

2 .  FI ow  Geometry  and  “e as u remen t  Techniques 

A  two-dimensional  symmetric  nozzle  with  a 
1.4  cm  square  exit  was  employed  to  produce  a 
subsonic  shear  layer.  This  Investigation  Is  focused 
on  zero  velocity  ratio  shear  layers.  A  schematic 
view  of  the  flow  geometry  Is  shown  In  Fig.  2.  The 
nozzle  is  cut  Into  a  Olocx  of  brass;  another  piece 
of  brass  forms  tne  (sine!  cover.  Turbulence  Is 
reduced  by  t«o  orifice  plates  with  1.08  mm  holes  on 
a  ’...’5  mm  square  gril  .a::*1-".  The  nozzle  has  a  6:1 
area  zsr.t-action  with  ste*v  (igJ;  sidewalls  to 


Copyright  '0  America  a  InsUtuta  of  Aeronautic!  and 
A»t/oaautirs.  Inc  ,  I^M  Ml  right*  re*cr>«J. 


lb 


minimize  boundary  layer  growth.  The  momentum 
thickness,  e,  at  the  exit  of  nozzle  was  calculated 
to  be  0.0027  cm  for  Mj  *  0.1.  The  nozzle  plemm 
pressure  is  measured  using  a  strain  gauge  pressure 
transducer  connected  to  a  pressure  tap  located  6  mm 
downstream  of  the  second  orifice  plate. 

The  test  section  Is  formed  from  three  flat 
plates  of  optical  glass  set  up  to  be  a  continuation 
of  the  three  walls  of  the  nozzle.  The  open  fourth 
side  allows  the  room  air  to  mix  with  the  nozzle  exit 
flow.  The  test  section  is  7.5  cm  long.  Jets  of 
various  helium  and  argon  mixtures  permit  variations 
of  density  ratio  at  different  flow  conditions.  The 
Reynolds  number,  based  on  the  nozzle  exit  dimension, 
ranges  from  3 . 1 ( 104 )  to  3,3(1 05)  for  a  mixture  with 
-  1  and  *  0.1  to  0.9,  respectively.  A  catcher 
with  a  slight  applied  suction  Is  placed  at  the  end 
of  the  test  section  to  remove  the  exhaust  gases. 
The  catcher  entry  has  large  radius  edges  and  the 
width  of  the  catcher  opening  is  adjustable  to  accom¬ 
modate  various  shear  layer  spreading  rates. 

Gas  mixtures  are  supplied  to  the  nozzle  from  a 
bant  of  gas  cylinders.  The  arrangement  allows  four 
different  mixtures  to  be  tested  with  a  particular 
optical  diagnostic  system.  The  system  provides  fine 
control  of  the  nozzle  mass  flow  rate  over  a  nozzle 
exit  Mach  number  range  of  0.0-0. 9.  A  quarter  turn 
valve  is  used  to  start  and  stop  the  test  runs.  The 
valve  Is  opened  2-3  secs  for  a  test  run.  The 
highest  mass  flow  rate  used  to  date  was  37  gm/sec  at 
M  *  0.9.  *,  ■  1.  The  gases  that  have  been  tested 
are  He,  VJ,  CCs  and  two  mixtures  consisting  of 
36  he/14  Ar  ana  33  He/62  A r  by  volume. 

"he  scnlieren  apparatus  (Fig.  31  can  be  used  to 
taxe  simultaneous  pnotograpns  parallel  and  normal  to 
tne  shear  layer.  The  light  source  is  a  0.'.2  cm  wide 
spark  gap  operated  in  dry  nitrogen.  The  light 
duration  1$  approximately  300  nsec.  Two  7.5  cm  dia¬ 
meter  paracolic  mirrors  are  used  to  produce  parallel 
beams  of  light.  The  beams  can  be  accurately  aligned 
parallel  and  normal  to  the  shear  layer.  After 
passing  through  the  shear  layer,  the  beams  are 
focused  on  the  knife  edges  by  two  additional 
mirrors.  The  shear  layer  Is  imaged  on  the  two  film 
planes  at  approximately  unity  magnification. 

Long  exposure  1  nterferograms  were  taken  paral¬ 
lel  to  the  shear  layer  with  a  Mach-Zehnder  Inter¬ 
ferometer.'*  The  system  also  uses  7.6  cm  diameter 
optics.  The  optics  are  mounted  in  steel  optical 
mounts  wnlch  are  in  turn  bolted  to  a  5  cm  thick 
aluminum  plate.  This  massive  structure  is  useful  to 
reduce  the  blurring  of  the  long  exposure  interfero- 
gram  due  to  acoustic  radiation  from  the  shear  layer. 


coated  negative  lens.  The  beam  Is  not  parallel,  but 
very  slightly  diverging  while  passing  through  the 
shear  layer.  This  should  produce  only  negligible 
distortion  In  the  Interferograms.  The  long  exposure 
Interferograros  presented  here  were  taken  parallel  to 
the  shear  layer;  the  short  exposure  Interferograms 
were  taken  normal  to  the  shear  layer. 


Shear  Layer  Spreading  Measurements 


Long  exposure  interferograms  were  used  to 
measure  the  shear  layer  spreading  rate. An  exposure 
time  of  about  0.1  sec  was  used  to  give  proper  time¬ 
averaging,  The  mean  growth  rate  of  the  Index  of 
refraction  profiles  of  the  shear  layer  were  measured 
by  counting  the  fringe  shifts.  If  the  mean  fringe 
shift  is  denoted  by  AN,  then 


AN  =  i  An  =  i  A(  Sp) 


n- =  ip  , 


where  L  *  optical  patn  length, 

X  =>  wavelengtn  of  the  laser  (5323A), 
p  *  density,  and 
8  »  G1 adstone-Oal e  constant. 

The  change  in  ( Ss)  across  the  shear  layer  was 
calculated  by  measuring  aM  at  four  positions  down¬ 
stream  of  the  nozzle  exit. 

Figure  4  is  an  Interferogram  for  a  gas  mixture 
(38  He/62  Ar)  having  a  density  equai  to  cat  of  air 
at  room  temperature  at  H;  *  0.3.  The  flow  is  from 
left  to  rignt.  The  noble  gas  mixture  is  on  the 
lower  portion  of  the  photograpn  while  ambient  air  Is 
at  the  top.  Note  that  the  pattern  loses  its 
contrast  far  from  the  nozzle  exit.  Other  interfero- 
grams  were  taken  at  Macn  numbers  of  0.1,  0.3,  ana 
0.6  for  this  mixture.  A  mixture  of  substantial ly 
different  density  ratio  proouced  too  many  fringe 
shafts  to  be  accurately  analyzed  by  this  technique. 
This  set  of  data  was  read  by  nand  which  limits  the 
resolution  to  about  0.2  fringe.  Self-similar 
profiles  were  obtained  using  a  computer  program 
minimizing  the  mean  square  error  of  this  profile. 

The  virtual  origin,  x0,  of  the  shear  layer  was 
calculated  using  this  program  to  give  the  best  fit 
linear  growth  rate.  The  root-mean-square  error  of 
the  self-similarity  profiles  were  about  51, 
Figure  5  snows  refractive  index  profiles  plotted  in 
non-dimensional  coordinates  for  the  Interferogram 
shown  in  Fig.  4.  The  transverse  coordinate  Is  n  and 
is  defined  as 

n  -  v/(<-x  1 


Two  different  laser  light  sources  are  used  with 
the  Mac.i-Zehnder  interferometer.  Long  exposure 
photogruons  are  taxen  using  a  1  mw  He-Ne  laser  as 
tne  light  source.  The  He-Ne  beam  is  expanded  to  a 
diameter  of  the  optics  using  a  telescope  equipped 
with  a  spatial  filter.  An  exposure  time  of  0.1  sec 
was  general ly  used. 


Optical  quality  data  were  obtained  using  short 
exposure  Interferograms  taxen  norma!  to  the  snear 
’ayer.  An  actively  Q-switched  rUDy  laser  was  us-d 
as  the  light  source.  The  pulse  energy  is  about  20 
mj  anq  the  pulse  length  is  100  nsec.  To  obtain  the 


necessary  conerence 
ner<*ssary  *j  tis* 
coupler.  The  beam 


length  for  i n ter 'eromet ry ,  It  is 

an  etalm  >s  the  laser  rcput 
is  expands  a  jn- 


The  vertical  axis  of  Fig.  6,  laoeled  Index/Compo¬ 
sition,  refers  to  refractive  index  variation  *n 
Inside  the  sFiear  layer  when  non-dimensional  Ized  by 
the  difference  of  the  index  between  the  free  stream 
and  ambient  air.  The  downstream  position  of  each 
data  set  is  also  shown  in  the  figure. 

Figure  6  shows  t“ie  best  fit  curve  for  three 
mean  Index  profiles  and  Fiedler's5  mean  temperature 
data.  The  right  hanj  portion  of  the  graph  shows  the 
comparison  between  Fiedler's  curve  and  the  Mj  *  0.1 
profile.  The  two  curves  agree  reasonably  well. 
The  left  hand  side  of  Fig.  6  presents  a  comparison 
among  M,  *  0.;,  Q.3,  and  0.6  profiles.  The  general 
shape  of  tne  Mj  *  3.3  curve  does  not  agree  with  the 
*1  *  0.1,  an J  0.5  profiles.  It  snows  a  larger 


growth  rate  than  the  two  other  cases.  The  reason  Is 
not  known  at  this  time.  Also,  note  that  the 
Mj  -  0.6  profile  has  a  higher  slope  throughout  the 
layer  and  gives  a  smaller  growth  rate  than  Mj  «  0.1. 
The  data  from  Ref.  5  was  chosen  because  the 
experiments  are  similar  and  the  Index  profile  data 
corresponds  with  temperature  If  one  assumes  an  Is 
proportional  to  density.  Although  the  Mach  numbers 
are  different  (In  Fielder's  case  Mj  «  0.02),  the 
Reynolds  numbers  are  close,  thus  providing  a  good 
check  on  the  results  for  the  Mj  »  0.1  profile.  For 
low  speed  flow,  Mach  number  should  not  have  any 
effect  on  the  growth  rate  of  the  shear  layer.  A 
comparison  among  this  data  and  that  of  Ref.  5  (s 
presented  in  TaDle  1.  For  this  data  \p  Is  nearly 
one.  The  Reynolds  number  of  the  flow  is  based  on 
free  stream  properties  and  the  maximum  observed 
length  of  the  snear  layer,  x„,ax.  According  to 
Bradshaw,6  a  free  shear  layer  becomes  sel  f-si.mi  lar 
with  respect  to  Reynolds  stresses  at  distances 
greater  than  1 COO  momentum  thicknesses  (calculated 
at  the  nozzle  exit).  The  ratio  xnax/o  for  this 
experiment  Is  estimated  to  be  clearly  In  excess  of 
this  requ  1  remen  t .  The  nondlmersi  onal  snear  layer 
thickness  Is  in  which  was  defined  by  the  slope  of  a 
straight  line  passing  through  the  non-dimensional 
points  in  -  Q.2  and  in  •  0.3.  Lastly,  -q.c 
represents  tne  location  of  on  >  0.5. 

It  is  apparent  from  »1g.  5  and  "able  1  that  the 
ldwest  Mach  number  profile  matches  well  with  data 
frcm  Ref.  5.  The  usual  51  and  9 Si  points  used  in 
velocity  profiles  were  not  used  for  two  reasons. 
First,  refractive  Index  profiles  do  not  correspond 
necessarily  to  velocity  profiles.  Secondly,  because 
of  tne  large  scatter  In  data  around  the  asymptotic 
levels,  it  is  much  more  accurate  tb  use  tne  30*  and 
204  points.  Most  of  the  scatter  in  data  Is  believed 
to  be  a  result  of  manually  reajmg  tre  interferogram 
and  possible  Changes  In  tne  t are  Interferogram.  An 
automated  system  using  computer  graphics  and  a 
digital  readout  Is  being  developed  (see  Appendix). 
The  shear  layer  thickness  is  reduced  by  about  204 
with  an  Increase  of  Mj  from  0.12  to  0.53  whereas  \  9 
decreased  only  101.  One  might  argue  that  this  could 
be  a  Re  number  effect  since  It  Is  tripled  going  from 
Mj  *  0.1  to  Mj  »  0.5.  However,  Breidenthal , 7  has 
suggested  that  It  cannot  be  purely  a  result  of  the 
change  In  the  Reynolds  number.  Higher  Reynolds 
number  only  affects  the  position  of  the  virtual 
origin,  x0,  and  therefore  the  Initial  roll-up  of  the 
vortices.  Another  possible  explanation  is  that 
acoustic  radiation  may  Interact  with  the  pairing 
process  of  the  vortices.  Crow  and  Champagne6  were 
able  to  change  the  growth  rate  of  a  jet  radically  by 
using  external  acoustic  radiation  througn  a 
loudspeaker  at  the  frequency,  0.2  Ui/C.  In  this 
experiment  the  acoustic  source  was  the  jet  itself 
rather  than  an  external  source.  It  is  not  clear  if 
the  effect  would  be  the  same,  but  acoustic  noise  may 
change  the  snear  layer  growth  rate.  Otner  possible 
effects  exist.  For  example,  dissipation  heating  of 
the  middle  region  of  the  shear  layer  may  be  a 
factor.  This  latter  effect  would  be  more  apparent 
at  higher  Mach  numbers.  More  data  Is  required  to 
determine  the  cause  of  the  growth  rate  reduction. 
Higher  subsonic  Mach  nano er  tests  [mainly,  Mj  ■  0.9) 
have  been  tried.  At  present,  the  quality  of  the 
1 nterferograms  Is  poor  due  to  loss  of  optical 
contrast.  Various  improvements  are  being  Instituted 
to  Improve  the  resuits  at  nign  Macr.  numbers. 


4.  Schlleren  Observation  of  the  Shear  Layer 


Schlleren  photographs  were  taken  for  jets  of 
C02.  N2,  38  He/52  A r,  86  He/14  A r  and  He  at  Mach 
(umbers  of  0.1,  0.6  and  0.9.  Figures  7,  (a)  and  (b) 
show  photographs  for  the  86  He/14  Ar  mixture  at 
Mj  ■  0.1.  Figures  7,  (c)  and  (d)  show  photographs 
at  Mi  «  0.6  for  the  same  mixture.  Figures  7,  (e) 
and  (f)  show  photographs  for  C02  at  Mg  *  0.1  and 
Figs.  7,  (g)  and  (h),  show  photographs  for  C02  at 
Mi  *  0.6.  The  flow  is  from  left  to  right  In  all  the 
pictures  in  Fig.  7.  In  photographs  viewing  the 
growth  rate,  the  jet  is  on  the  bottom  while  ambient 
air  Is  at  the  top.  The  density  ratio  for  the 
mixture  Is  3.2  for  the  low  Mach  number  and  2.9  for 
the  high  speed  case.  The  corresponding  density 
ratios  for  C02  are  0.66  and  0.60. 


The  schlleren  effect  was  quite  small  for  N2  and 
38  He/62  Ar  jets  since  the  Index  of  refraction  dif¬ 
ference  was  very  slignt  at  low  Mach  nunoers.  For 
most  cases,  snear  layer  growth  rate  estimated  from 
tne  photograpns  decreased  with  Increasing  Mach 
numbe'-.  An  ensemble  of  gust  a  few  pictures  gave 
results  very  close  to  that  of  mean  Interferometeric 
data  for  grower  rate  of  the  shear  layer.  At  the 
lowest  Mach  number  coherent  structure3  was  observed 
in  ail  cases.  In  the  .eglon  close  to  the  nozzle 
exit  in  Fig.  7(a),  roll-up  of  the  vortices  Is 
visible,  while  turbulence  becomes  evident  In  the 
regions  furfer  downstream.  Figure  7(e)  shows  an 
unusually  large  roll-u?  of  the  vortices  throughout 
the  test  section.  At  higher  Mach  number  the 
conerent  structure  disappears  and  the  flow  seems  to 
be  more  of  a  random  nature  (see  Figs.  7(c)  and 
7(g)).  In  some  cases  the  Initial  roll-up  of 
vortices  was  observed  even  at  Mi  »  0.6.  Pictures 
taken  nona)  to  the  s rear  layer  at  low  Mach  number 
show  the  soanwise-sinuous  wiggles  observed 
elsewnere*3  (see  Figs.  7(b)  and  ( f ) ) .  Upstream  of 
the  wiggles  the  flow  is  nearly  two-dimensional, 
while  downstream,  small  scale  three-dimensional 
motions  and  streamwlse  streaks  exist.  It  Is 
believed  tnat  this  Is  a  manifestation  of  an  Initial 
three-dimensional  instability  and  plays  an  Important 
role  In  the  introduction  of  small  scale  structure 
into  the  flow.  At  higher  Mach  number  some  struc¬ 
tures  and  streamwlse  streaks  are  observable; 
however,  they  cannot  be  readily  related  to  the 
wiggles  in  low  Macn  number  flow  (see  Figs.  7(d)  and 
(h)). 


5 .  Optical  Quality  Measurements  Normal  to  the 
Shear  Layer 


The  main  objective  In  this  project  Is  to 
determine  tne  degradation  of  an  optical  beam  due  to 
refractive  Index  fluctuation  resulting  from 
turbulence  in  a  shear  layer.  Stop-action  Interfero- 
grams  were  taken  normal  to  the  shear  layer,  for 
various  density  ratios,  to  obtain  near-field  phase 
error  data.  Figure  8  snows  three  Interferograms 
taken  at  M^  *  0.6  and  a  tare  (no-flow)  Interfero¬ 
gram.  The  density  ratios  are  0.60,  0.99,  and  6.5 
for  C02l  38  He/62  Ar,  and  He,  respectively .  There 
Is  a  striking  difference  between  the  Index  fluc¬ 
tuations,  as  expected.1,2  The  Index  of  refraction 
difference  between  the  jet  and  air  at  room  tempera¬ 
ture  was  lowest  for  the  mixture  (on  *  7.7  *  10'^) 
and  nicest  for  He  (on  *  2.35  *  10"*).  Qualitative 
estimves  of  the  mean  square  phase  error  shows  that 
the  1  jm  degradation  is  worse  for  C02  compared  with 
the  -  ’  jre  by  nearly  one  order  of  magnitude  in  the 

self-  '  >r  region.  A  tie  jet  on  the  other  hand 
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produces  the  most  error,  giving  an  order  of 
magnitude  increase  In  the  mean  square  of  the  phase 
error  over  COj.  These  phase  errors  can  be 
correlated  to  <in)2  across  the  shear  layer.  Not 
only  is  An  larger  across  the  layer  In  the  case  of  He 
Jet,  but  the  Jet  exhibits  the  largest  growth  rate 
among  the  gases  being  tested  at  this  Mach  number. 
At  this  time  we  are  In  the  process  of  evaluating 
these  data  more  completely  using  an  automated  data 
reduction  system. 
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Fig.  1.  X^  vs.  Mj  for  previous  work  on  two  dimen¬ 
sional  shear  layers  (circles).  Hatched  areas  repre¬ 
sent  some  shear  layer  conditions  of  interest  in  high 
power  laser  systems. 
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Fig.  7,  Two  direction  schlieren  photographs.  The  upper  photograph  of  each  pair  was  taken  looking 
parallel  to  the  shear  layer  and  the  lower  photograph  was  taken  looking  normal  to  the  shear  layer, 
a)  and  b):  M*0.U,  Xc  =  3.2,  c)  and  d):  M=.57,  X  =2.9,  e)  and  f):  M=0.13,  X  =0.66,  and  g)  and  h): 

M=0.69,  X  =0.60. 
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Fig.  8.  Beam  degradation  i nterferograms  taken  at 
Mj'0.6.  Flow  is  from  left  to  right.  Gas  mixtures 
are  a)  CO,,  b)  38He/62Ar,  c)  He  j-id  d)  tare. 


Determination  of  the  Density  Profile  In  the  Shear 
Layer  via  Computer  Processing 


The  density  profile  In  the  shear  layer  may  be 
determined  directly  by  means  of  digital  optical 
readout  and  processing  by  a  computer.  As  an  Interim 
step  to  a  more  sophisticated  system  yet  to  be 
developed,  tie  are  using  a  Mlcroneye  camera  with  a 
256*128  pixel  format  and  Apple  II  computer.  In  this 
approach,  a  photograph  of  the  shear  layer  from  the 
Mach-Zehnder  Interferometer  Is  used  as  the  source  of 
Information.  Using  the  Mlcroneye  computer  program, 
the  photograph  can  be  displayed  on  the  monitor  or 
printed  using  a  dot  matrix  printer  with  graphics 
capability  as  shown  In  Fig,  A(l).  Due  to  turbulence 
In  the  flow,  the  fringes  In  the  shear  layer  are  not 
clear  enough.  Therefore,  many  pictures  of  the  same 
object  with  different  light  levels  (40%  to  60%)  were 
taxen,  and  sirmed  In  the  computer  memory.  This  was 
done  Ip  an  effort  to  enhance  contrast  levels.  (The 
Information  at  each  point  on  the  screen  Is  trans¬ 
lated  Into  binary  data  as  0  (brignt  dot)  and  1  {dark 
dot)  and  sirmed  appropriately  for  5  pictures.)  The 
central  location  of  .  each  fringe  Is  determined 
according  to  the  location  and  width  of  the  maximum 
value.  The  dots  shown  In  rig.  A(l)  are  the  fringe 
center  locations  drawn  by  the  computer.  The  tare 
picture  is  treated  In  the  same  way,  but  only  one 
picture  needs  to  be  taxen  because  the  fringes  are 
distinct  everywhere. 

The  ninber  of  the  fringes  In  each  picture  Is 
then  counted  along  15  horizontal  lines.  The  density 
In  the  flow  field  along  this  sampling  line  Is  then 
calculated.  On  each  line,  the  number  of  fringes  at 
that  position  is  calculated  and  the  optical  density 
obtained  by  using 

(Bp)  •  £  (Nf  -  NT)  +  (Sp)a 

where  X  *  wavelength  of  laser  beam. 

L  *  optical  path  length, 

Bp  *  optical  density  of  test  gas  mixtures 
(Bo)a  ■  optical  density  of  air, 

NF  »  fringe  number  of  test  picture,  and 
NT  *  fringe  ninber  of  tare  picture. 

Connecting  the  density  value  at  each  point 
vertically,  a  density  profile  picture  Is  obtained. 
Manual  correction  of  the  data  Is  necessary  to  get 
accurate  values  of  bp.  One  of  the  results  of  the 
calculation  on  Fig.  A(l)  Is  shown  in  Fig.  A(2). 
However,  this  method  was  not  used  In  the  reauction 
of  the  interferograms  presented  In  this  paper,  since 
the  method  Is  not  yet  perfected. 
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Fig.  Al.  Digitized  interferogram  at  M^O.22. 
Fig.  A2.  Cptical  density  profiles  (Bp)  at  six 
stations  downstream  of  the  nozzle  exit. 
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A  study  of  inhomogeneous  shear  layers  and  their  effect  on  laser  beam 
degradation 
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Abstract .  Optical  properties  of  two-dimensional,  subsonic  shear  layers 
with  zero  velocity  ratio  have  been  investigated.  Measurements  of  shear 
layer  growth  rates  and  laser  bean  degradation  for  propagation  normal  to 
the  turbulent  interface  are  presented.  The  shear  layer  growth  rates 
were  found  to  decrease  with  increasing  Mach  number.  Interf erograms 
taken  normal  to  the  shear  layer  show  that  the  beam  degradation  is  a 
function  of  the  index  of  refraction  difference  across  the  layer. 

1 .  Introduction 

Shear  layers  and  wakes  occur  in  the  resonators  of  many  high  power  lasers. 
The  extraction  of  power  usually  involves  passing  the  bean  through 
interfaces  which  often  involve  dissimilar  gases  of  different  optical 
properties.  Shear  layers  are  also  an  important  feature  of  aerodynamic 
windows.  While  a  number  of  investigations  (Legner  et  al  1978,  Vu  et  al 
1980)  of  the  optical  properties  of  this  flow  have  been  carried  out, 
additional  study  is  warranted  to  cover  a  wider  range  of  experimental 
conditions . 

The  fluid  dynamics  and.  gas  optical  properties  of  single  two-dimensional 
shear  layers  have  been  studied  at  Mach  numbers  and  Reynolds  numbers  appro¬ 
priate  for  lasers.  Experimentally  this  involves  a  systematic  investigation 
through  independent  control  of  density  ratio  and  compressibility  effects  of 
the  free  jets.  This  is  usually  accomplished  by  using  jets  of  various 
helium  and  argon  mixtures.  Of  importance  is  the  examination  of  com¬ 
pressible  shear  layers  accompanying  these  jets  for  evidence  of  coherent, 
large  scale  vortical  structures,  since  such  large  scale  structures  are  more 
troublesome  optically  than  a  random  turbulent  field. 

Shear  layer  spreading  rates  were  measured  using  long-exposure  interfero- 
grams  and  schlieren  photographs.  These  tests  were  done  at  Mach  numbers  of 
0.1,  0.6  and  0.9  with  various  density  ratios.  These  growth  rates  are 
compared  with  the  literature.  Interf erograms  using  a  ruby  laser  beam 
parallel  and  perpendicular  to  the  shear  layer  have  been  taken  also.  The 
photographs  provide  phase  error  data  which  can  be  used  to  determine  the 
scale  and  amplitude  of  the  refractive  index  perturbations  in  the  layer. 

2 .  Experimental  Setup 

This  investigation  is  focused  on  zero  velocity  ratio  shear  layers  in  which 
a  two-dimensional  symmetric  nozzle  with  a  1.4  cm  square  exit  was  employed. 
Free  stream  turbulence  Is  reduced  by  two  orifice  plates.  The  nozzle  has  a 
6:1  area  contraction  with  steep  (45°)  sidewalls  to  minimize  boundary  layer 
growth.  The  momentum  thickness,  0,  at  the  exit  of  nozzle  was  calculated  to 
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places  of  optical  glass  set  up  to  be  a  continuation  of  three  walls  of  the 
nozzle.  The  open  fourth  side  allows  the  room  air  to  mix  with  the  nozzle 
exit  flow.  The  test  section  is  7.5  cm  long.  Jets  of  various  helium  and 
argon  mixtures  permit  variations  of  density  ratio  at  different  flow  con¬ 
ditions.  The  Reynolds  number,  based  on  the  nozzle  exit  dimension,  ranges 
from  3.1(104)  to  3.3(105)  f  or  a  mixture  with  =  1  and  Mj  =  0.1  to  0.9, 
respectively.  The  gases  tested  are  He,  N2,  CO2  and  two  mixtures  consisting 
of  86  He/14  Ar  and  38  He/62  Ar  by  volume. 


Long  exposure  interf erograms  were  taken  parallel  to  the  shear  layer  with  a 
Mach-Zehnder  interferometer.  Two  different  laser  light  sources  are  used 
with  the  interferometer.  Long  exposure  photographs  are  taken  using  a  1  mW 
He-Me  laser  as  the  light  source.  Optical  quality  data  were  obtained  using 
short  exposure  interferograms  taken  normal  to  the  shear  layer.  A 
Q-switched  ruby  laser  was  used  as  the  light  source. 


3.  Spreading  Rate  Measurements 


Long  exposure  int 
rate.  An  exoos 


averaging.  .he  m 
shear  layer  wer 


interf erogram  for 
that  of  air  at 
left  portion  of  t 
numbers  of  0.1 
computer  program 
shows  refractive 
the  interf erogram 
as  n  =■  y/(x-x0). 


erferograms  were  used  to  measure  the  shear  layer  spreading 
ure  time  of  about  0.1  sec  was  used  to  give  proper  time- 
ean  growth  rate  of  the  index  of  refraction  profiles  of  the 
e  measured  by  counting  Che  fringe  shifts.  Rig.  1  is  an 
a  gas  mixture  (38  He/62  Ar)  having  a  density  equal  to 
room  temperature  at  Mj  =  0.3.  The  gas  mixture  is  on  the 
he  photograph.  Other  interferograms  were  taken  at  Mach 
and  0.6.  Self-similar  profiles  were  obtained  using  a 
minimizing  the  mean  square  error  of  this  profile.  Rig-  2 
index  profiles  plotted  in  non-dimensional  coordinates  for 
shown  in  Rig.  1.  The  transverse  coordinate  is  n,  defined 
The  vertical  axis  of  Rig.  2,  refers  to  refractive  index 
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Fig.  1.  (left)  Long  exposure  inter f erogram  at 
Mj=0.3.  Gas  jet  is  at  left.  Flew  is  from  top 
to  bottom. 
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variation  An  inside  the  shear  layer  non-dimensionalized  by  the  difference 
of  the  index  between  the  free  stream  and  ambient  air.  The  downstream 
position  of  each  data  set  is  also  shown  in  the  figure. 

Fig.  3  shows  the  best  fit  curve  for  three  mean  index  profiles  and  Fiedler's 
(1974)  mean  temperature  data.  The  right  hand  portion  of  the  graph  shows 
the  comparison  between  Fiedler's  curve  and  the  =0.1  profile.  The  two 
curves  agree  reasonably  well.  The  left  hand  side  of  Fig.  3  presents  a 
comparison  among  =  0.1,  0.3,  and  0.6  profiles.  Note  that  the  =  0.6 
profile  has  a  smaller  growth  rate  than  Mj  *  0.1.  A  comparison  among  this 
data  and  that  of  Fielder  (1974)  is  presented  in  Table  1.  For  this  data  \p 
is  nearly  one.  The  Reynolds  number  of  the  flow  is  based  on  free  stream 
properties  and  the  maximum  tested  length  of  the  shear  layer,  x-^. 
According  to  Bradshaw  (1966)  the  detailed  turbulence  structure  of  a  free 
shear  layer  becomes  self-similar  at  distances  greater  than  1000  momentum 
thicknesses  (calculated  at  the  nozzle  exit).  The  shear  layer  thickness  is 
An  which  was  defined  by  the  slope  of  a  straight  line  passing  through  the 
non-dimensional  points  An  =  0.2  and  An  =  0.8. 


T. 

Fig.  3.  Nondimensional  index  profiles.  Lefthand  graph  shows  the  data 
for  various  Mach  numbers:  M  =0.1  (solid  line),  1^=0. 3  (dasn-dot  line) 
and  M  =0.6  (dashed  line).  Righthand  graph  compares  the  M;=0.1  data 
(solid  line)  with  data  from  Fiedler  (dash-double  dot  line;. 

4 .  Schlieren  Observations 

Time  averaged  schlieren  photographs  were  taken  parallel  to  the  shear  layer 
for  =  0.1,  0.6  and  0.9.  (Short  exposure  results  are  detailed  in  Johari 
et  al  1984).  The  visual  spreading  rates  of  the  shear  layers,  An^g  = 
Ayvis/x,  were  read  off  the  photographs.  The  sensitivity  of  the  schlieren 
system  was  insufficient  to  give  reasonable  estimates  of  the  spreading  rates 
for  those  gases  which  were  nearly  index-matched,  i.e.,  38He/62Ar  and  N2« 

The  data  from  the  other  tested  gases  is  shown  in  Fig.  4.  Both  Mach  number 
and  density  ratio  effects  are  evident.  The  shear  layer  spreading  rates  at 
=  0.9  are  about  0.7  times  those  at  M,  =  0.1.  This  ratio  is  nearly  the 
same  reduction  as  predicted  by  Bogdanoff  0983).  For  the  =  0.9  data, 

the  reductions  in  shear  layer  spreading  rates  with  increasing  are 
consistent  with  a  compressibility  effect,  while  the  =  0.6  data  cannot  be 
completely  explained  as  compressibility  effects.  The  spreading  rates  with 
\  -  0.61  are  about  0.7  times  the  rates  at  =  6.5. 
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Fig.  4.  The  visual 
spreading  races  or 
Che  shear  layer  as 
a  function  of  the  _ 
Mach  number.  Gases 
are  He  (circles) , 
86He/liAr  (squares) 
and  C0o  (triangles) 
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5.  Optical  Oualitv  Measurements  Normal  to  the  Shear  Layer 
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regions  in  the  irrotacional  fluid  where  disturbances  exist  next  to  such 
structures  which  imply  engulfment  of  irrotational  fluid.  Fig.  6  shows 
interf erograms  taken  normal  to  the  shear  layer  at  =  0.6.  The  density 
ratios  are  0.60,  0.99,  and  6.5  for  CO2,  38  He/62  Ar,  and  He,  respectively. 
There  is  a  striking  difference  between  the  index  fluctuations.  The  index 
difference  between  the  jet  and  air  at  room  temperature  was  lowest  for  the 
mixture  (In  =  7.7  x  10"^)  and  highest  for  He  (in  =  2.35  x  lO-^). 


Fig.  6.  Bear,  degradation  interrorograms 
from  left  to  right.  Gases  are  a )  C  3 ,  0) 


•  1  s 

i)  tare. 


An  important  measure  of  the  laser  beam  degradation  is  the  Strehl  ratio  or 
loss  of  peak  far-field  intensity  caused  by  the  flow  field,  I/I  .  It  is 
known  th^t  for  a  til^  and  focus  corrected  laser  beam  that  I/IQ  = 
exp(-<A5“>]  where  <As“>  is  the  mean  square  phase  error  over  the  area.  If 
one  assumes  that  the  index  fluctuations  are  homogeneous  within  the  shear 
layer  (a  poor  assumption  in  view  of  the  evidence  for  coherent  structures  in 
shear  layers  and  the  variation  of  its  structure),  an  estimate  of  I/IQ  can 
be  made.  The  reduction  in  far-field  intensity  due  to  turbulent 
fluctuations  is  given  by  Sutton  (1969)  for  this  case  as  an  exponential 
function  of  k,  the  wavenumber,  A.^the  integral  scale  of  the  turbulence,  L, 
the  shear  layer  thickness,  and  <An">,  the  averaged  index  fluctuation.  In 
inhomogeneous  shear  layers  both  variations  in  the  Glads tone-Dale  constant, 
6  and  p  can  contribute  to  An.  To  estimate  the  Strehl  ratio  one  needs  to 
measure  or  to  predict  L,  A,  and  <An“>.  While  this  equation  is  only  an 
approximation  for  shear  layers,  an  important  aspect  of  the  work  is  to 
measure  these  variables  for  shear  layers  of  interest  and  to  model  these 
results.  The  phase  errors  can  be  correlated  with  an  across  the  shear  layer. 


Each  near-field  interf erograa  is  digitally  read  by  a  Microneye  camera  and 
the  information  is  stored  using  a  micro-computer.  The  central  location  of 
each  fringe  is  determined  with  respect  to  specific  reference  lines.  The 
tare  interf erogram  is  treated  the  same  way.  The  net  fringe  shift  is 
obtained  by  subtracting  the  tare  from  the  disturbed  fringe  pattern.  These 
values  are  then  averaged  over  an  area  and  finally,  the  root  mean  square 
phase  error  at  the  location  of  reference  lines  is  computed.  While  the  tilt 
correction  has  not  been  removed  from  this  set  of  measurements,  this 
correction  was  negligible  up  to  about  two  nozrle  widths  downstream. 
Further  downstream,  tilt  became  an  important  factor;  however,  at  such 
locations,  the  flow  is  not  two-dimensional  any  longer  because  of  wall 
effects.  Another  point  that  should  be  emphasised  is  that  the  results  are 
in  terms  of  the  interferometer  wavelength  (0.b;1,j).  Hence ,  the  phase  error 
for  a  laser  device  with  a  different  wavelength,  should  be  properly  scaled. 
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Figures  7  and  8  show  the  effect  of  density  ratio  and  Mach  number  on  the 
root  mean  square  phase  error  at  0.69m.  Fig.  7  represents  the  phase  error 
as  a  function  of  downstream  position  for  a  jet  of  86He/14Ar  at  various  Mach 
numbers.  The  three  curves  and  the  values  are  very  similar.  The  only 
difference  seems  to  be  in  the  position  of  peaks  and  valleys  which  appears 
to  be  a  result  of  passage  of  nonsteady  vortical  structure.  This  feature  is 
more  apparent  in  Fig.  8,  where  three  gases  are  compared  at  M,  =  0.6.  The 
root  mean  square  phase  error  increases  in  the  downstream  direction  since 
the  shear  layer  grows.  The  values  of  Strehl  ratio  obtained  from  the  near¬ 
field  phase  error  data  is  comparable  to  those  given  by  Legner  et  al  (1978) 
and  Vu  et  al  (1980).  The  experimental  results  do  not  agree  closely  with 
the  theoretical  derivation  of  Sutton  (1969),  because  of  the  presence  of  the 
coherent  structures.  If  we  assume  that  the  integral  scale  of  turbulence  is 
of  the  order  of  the  shear  layer  thickness,  the  theoretical  prediction 
agrees  roughly  with  the  experimental  results. 
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The  root  mean  square  phase  error  as  3  function  of  the  downstream  position. 
The  gas  mixture  in  Fig.  7.  (left)  is  36He/14Ar.  The  gases  in  Fig.  8.  are 
He  (solid  line),  86Ke/liAr  (dashed  line)  and  38He/62Ar  (dash-dot  line). 


In  conclusion,  a  shear  layer  of  matched  refractive  index  produces  the  least 
near-field  phase  error.  Large  scale  vortical  structures  are  very 
troublesome  and  seriously  degrade  the  optical  quality  of  flows.  The 
estimated  Strehl  ratios  of  the  shear  layers  studied  here  may  be  acceptable 
at  infrared  wavelengths,  but  are  unacceptable  in  the  visible  range. 
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Abstract 

The  time  averaged  optical  properties  of 
lnhoaogeneous  shear  layers  have  been  investigated 
and  are  reported  here.  The  principal  far  field 
■ea9urenent  used  la  the  Strehl  Ratio.  That  Is, 
the  peak  far  field  Intensity  of  a  high  quality 
He-Ne  laser  beaa  Is  aeasured  In  the  far  field 
with  and  without  the  shear  layer  present.  Their 
ratio  determines  the  Strehl  Ratio.  The  Initial 
results  of  the  study  provide  Information  for 
shear  layers  of  COj,  He  and  mixtures  of  He  and  Ar 
for  M  -  0.8  The  results  are  compared  to  those 
done  previously  at  low  Mach  number  and  are  also 
used  with  a  theoretical  expression  to  Investigate 
the  near  field  phase  error  In  the  laser  beam. 

Near  field  measurements  taken  previously  for 
spreading  rate  Information  are  also  presented 
here  for  completeness 


Theory 

The  Index  of  refraction  for  a  gas  can  be 
found  from  the  following  expression  [2J: 


n  =  1  +  3  o  ( 1 ) 

where  n  Is  the  Index  of  refraction,  y  Is  the 
Gladstone-Dale  constant  for  a  given  species,  p  Is 
the  gas  density,  and  <‘i  Is  the  gas  density  at 
standard  conditions.  The  Index  of  refraction  for 
a  uniform  gas  mixture  Is  found  by  using  the 
Gladstone-Dale  constant  for  the  mixture: 


3  a  *  3i'^i  ♦  32'2  *  •••  +  3n'  i  <21 
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Introduction 

It  Is  known  that  turbulence  and  coherent 
structure  occur  In  shear  layers,  even  at  modest 
Reynold's  number  [1]-  The  performance  of  optical 
systems  cun  be  severely  degraded  when  laser  beams 
or  Images  are  passed  through  Inhomogeneous  shear 
layers-  Optical  properties  of  shear  layers  Is  a 
current  topic  of  research  with  a  wide  range  of 
applications  which  Include  high  powered  lasers, 
optical  Imaging  systems,  and  proposed  defense 
systems. 

Computer  coupled  Image  processing  systems 
have  greatly  facilitated  the  type  of 
Investigation  reported  on  here.  Images  taken  by 
a  256  x  256  array  of  photo  diodes  can  be  stored 
and  manipulated  easily  by  such  a  system  and 
accordingly  much  of  what  Is  presented  here  Is  In 
the  fora  of  computer  output. 


Background 

A  shear  layer  Is  the  region  formed  by  two 
flows  of  differing  velocities  characterized  by 
turbulence  and  large  9cale  structures  [1].  Fig. 

1  shows  the  shear  layer  formed  by  a  CO  2  Jet 
exhausting  Into  still  air.  The  width  of  the 
shear  layer  Is  typically  defined  by  some 
percentage  of  change  of  a  relevant  quantity  from 
the  free  stream  values.  This  report  uses  the  90* 

-  10*  normalized  index  of  refraction  change 

_nl  /  "na,r**  definition.  Other 

thicknesses  may  be  defined  by  velocity, 
temperature,  or  other  fluctuations  in  the  layet 
Another  parameter  which  Is  often  defined  for 
shear  layers  13  the  Integral  turbulence  scaie 
or  macro  scale  which  is  the  mean  size  of  large 
scale  eddies  that  form  distinct  'packets  of 
turbulence'  In  the  sheur  layer.  The  nonuniform 
mixing  of  the  two  dissimilar  fluids  gives  rise  to 
these  packets  which  are  the  source  of  refractive 
Index  and  density  fluctuations  across  the  shear 
layer . 


where  5^  13  the  Gladstone-Dale  constant  of  the  ntr. 
species  and  Vn  is  the  volume  fraction  af  the  nih 
spec  1 es 

The  optical  data  In  this  report  are  based  on 
a  reference  beam  formed  by  plane  waves  Incident 
on  a  circular  aperture.  The  resulting  far  field 
diffraction  pattern  Is  the  well  known  Airy 
pattern  which  consists  of  a  central  bright  spot 
known  as  the  Airy  disk  surrounded  by  concentric 
subsidiary  maxima.  (For  reference,  see  Born  and 
Wolf.  Principles  of  Optics,  pp  395-396).  The 
power  in  the  beam  within  a  radius  r  Is  found  by 
Integrating  the  far  field  Intensity  pattern  over 
the  area.  For  the  reference  configuration,  the 
power  versus  nondlmenslonai  radius  Is  given  In 
figure  2  [3]  and  will  be  used  later  to  compare 
with  the  experimental  data.  The  nondlmenslonai 
radiu9  used  In  figure  3  Is  given  by  l 3 ] 

x  *  kaw  (3) 

where  k  Is  the  wave  number,  a  Is  the  aperture 
diameter,  and  w  is  the  radial  coordinate  of  any 
point  In  the  aperture  normalized  by  the  aperture 
to  image  plane  distance. 

The  Strehl  Ratio  which  Is  the  peak  far  field 
Intensity  ratio  with  and  without  flow,  can  be 
found  by  differentiating  the  power  distribution 
with  respect  to  r  as  r  goes  to  zero.  If  Power  In 
fig.  2  Is  given  by 

3  =  2.7  fr  I : ;  !  dr 

‘  0 

for  the  Ury  catt-rn.  then  cne  Intens.ty  Is  given 

by 
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The  Strehl  Ratio  la  thus  found  by  taking  the 
ratio  of  eq,  (•!)  with  and  without  flow  as  r  goes 
to  zero: 


I  1  i m  ,  .  do. 

10  3  r.o  1  dr’flow 


/(— ) 

<3 '"ref 
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(5) 


Eqa.  (4)  and  (5)  are  exact  only  for  Intensity 
patterns  that  are  circular:  however  they  give  a 
reasonable  approximation  for  small  dependence  on 
angular  position.  For  noncircular  patterns  which 
usually  occur  only  for  highly  degraded  beams  an 
effective  Strehl  Ratio  may  be  defined  as  the 
power  remaining  within  the  principal  maximum  of 
the  reference  pattern  normalized  by  the  power  In 

the  principal  maximum  of  the  reference  pattern: 

r  l- 

[  j  I  I  (  r,3  )d.-da  ] 

So  =  — — 2, -  n°*  (61 

r  c  ^ 

L  /  ’Ar]lr-.--  I 

‘  0  ’  0  ref 

Sutton  has  derived  an  alternative  expression  for 
th>'  Str'*h!  Ratio  prnnuced  by  a  homogeneous 
turbu  lence  zone  [ 4  1  : 


The  far  field  measurements  were  made  by 
passing  a  beam  of  loser  light  througli  the  shear 
layer  parallel  to  It.  The  optics  system  consisted 
of  a  high  quality  He-Ne  laser,  a  pin-hole  spatial 
filter,  two  telescopes,  various  filters,  masks 
and  a  ccd  camera  with  a  256x256  array  of 
photo-diodes.  The  system  was  arranged  on  two 
aluminum  rails  as  shown  in  fig.  3.  A  twelve  volt 
light  bulb  was  used  to  provide  a  flat  field  In 
order  to  resolve  parts  of  the  3ignal  from  the 
random  shot  noise  produced  by  the  camera.  The 
signal  to  noise  ratio  of  the  camera  was  about 
50:1. 

The  camera  was  connected  to  an  imaging 
system  which  was  coupled  to  a  micro-computer.  The 
camera  provided  the  imaging  system  with  an  analog 

signal  which  was  then  digitized  and  stored  In  an 
array  and  could  be  easily  manipulated  by  a 
FORTRAN  code  written  for  the  experiment. 

The  data,  obtained  for  CO-,.  He.  Ar.  and 
mixtures  of  He  and  Ar.  were  taxen  it  standard 
conditions  i he  near  field  data  which  provided 
spreading  rate  information  were  found  using  Mac.’i- 
Zender  and  stiear  interferometers 


1  „  -  -  . 

7—  =  exp  zF.'  <  .in"  >  ■!_  17) 

1  o 

wnere  '<  is  the  wave  numuer.  a  Is  the  Integral 
turbulence  3cale.  L  is  the  width  of  the  zone,  and 
'ill'4  ■  Is  the  mean  square  refractive  index  change 
through  the  zone  The  expression  in  oracxets  in 
eq.  ( 7)  Is  the  mean  square  phase  error  In  the 
near  field  (51.  If  a  is  approximated  as  l  tines  a 
constant  (5!  and  can"1 >  Is  taken  to  be 
proportional  to  the  square  of  the  refractive 
Index  difference  across  the  layer,  ah  .  eq  (T) 
has  the  form 


Shear  b.'.'.  or  Thickness  Ca  1  cu ■  i  ~  . on 

Tim  thickness  I,  of  the  shear  layer  at  any 
downstream  location  is  determined  from  aq.  the 
spreading  rate  parameter  lift  •  L  '  X  -  \ .  )  .  Values 
of  in  for  the  s near  layers  were  found  in  the 
laboratory  concurrently  with  this  experiment  (3) 
and  are  given  :n  taolu  1  X9  is  the  ..rcuai 
origin  of  tin;  shear  layer  and  is  slightly  up 
stream  of  the  nozzle  exit.  This  effective 
displacement  of  snear  layer  origin  Is  due  to  the 
boundary  layer  at  the  nozzle  exit.  As  9tated 
earlier,  the  90%  -  10%  normalized  refractive 
Index  change  definition  is  used  to  compute  a,r\.  ai; 
wa9  found  using  interferometric  techniques. 


■j—  3  exp  [-  A  (0) 

1o 


Far  rleld  Measurements 


where  A  Includes  all  constants  of  proportionality 
(for  clarity,  A  will  he  defined  as  2K*»'C  wuerea* 
Is  given  by  <aii'1>  ■  and  C  13  given  by  L  * 

C).  Thi3  expression  which  Is  for  a  tilt  und 
focus  corrected  beam  passing  through  a 
homogeneous  turbulence  zone,  will  be  used  to 
evaluate  A  wtien  tile  Strehl  Ratio,  in.  and  L  are 
known  The  assumption  that  Is  proportional 

to  anlts  good  only  while  compressibility  effects 
are  small  since  compressible  layers  that  are 
Index  matched  are  known  to  give  Strehl  Ratios 
less  than  1  [6  ]  . 

Experimental  Setup 

Clie  snear  layer  was  formed  by  •*xpj,:s  t  lug  i 
sql'seti  i  e  nozzle  I  1  cm  on  l  side  into  still  air 
T)i**  nozzle  which  had  i  7  ro  1  contr.io'*:n  ratio 
was  surrounded  on  three  sides  by  optical  glass 
which  formed  thi»  test  section.  The  nozzle  was 
designed  to  minimize  boundary  layer  growth  and  a 
lg'  aluminum  sec'  ion  was  addeu  ani’.e  'est 

se.';, mi  ro  inhibit  suction  arid  ent  r  i  inmeti' 
downstream  of  the  test  section 


As  was  mentioned  earlier,  the  classical  Airy 
Intensity  pattern  Is  the  reference  configuration 
useu  In  this  experiment.  Figure  5  shows  the 
pseudo  3-D  result  for  the  .5  cm  aperture.  Each 
line  in  fig.  4  represents  the  digitized  signal 
from  the  corresponding  line  of  pixels  In  the 
camera  array.  Every  16th  line  Is  plotted.  The 
plots  are  shown  from  an  intermediate  perspective 
sn  that  Intensity  In  three  directions  can  be 
shown  Note  the  appearance  of  the  first  ring. 
Subsequent  ring  maxima  are  completely  lost  In  the 
random  noi3e  of  the  camera.  Fig.  5  snows  the 
normalized  power  distribution  for  fig  4  which  is 
cc-.poreu  '.a  the  theoretical  result  doth  curves 
are  if  similar  shape  the  reference  curve, 
however,  rises  faster  and  approaches  its  maximum 
vi.  ...  rh ;  -.  ihif*  Is  i  r-  r  •  the  fact 

til*.*  normalization  factor  wn:.:i  s  the  totai 
power  in  tile  .:  .• .  lent  beam  is  tin.  due  to 

diffraction  off  of  the  array,  when  scaled  by  an 
appropriate  !  c'*  :t  (taken  to  be  the  i-ount  of 
power  within  "he  lark  ring  that  surr tends  the 
last  d  i  scerr.ir  : hri.’V  ring-,  the  *.’  'ur"es 
coincide  well  op  to  tr.at  p.irticu.ar  :urk  ring 
I  see  fig  6 ) 
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The  time  averaged  results  for  a  typical 
experiment  are  shown  In  figs.  7  and  8.  Fig.  7  is 
the  intensity  pattern  for  62%  Me  at  1.0  ca 
downstream  with  a  0.5  cm  aperture.  The  power 
distribution  and  Strehl  Ratio  calculation  for  62% 
He  are  shown  in  fig.  8.  The  third  curve  is  the 
tare  distribution.  The  decrease  in  power  near  the 
end  is  the  result  of  light  being  scattered  off 
the  array  and  is  not  expected  theoretically.  The 
presence  of  noise  is  also  seen  past  the  second 
dark  ring  which  shows  the  limits  of  the  ccd 
camera.  The  Strehl  Ratio  is  computed  using  a 
numerical  approximation  to  eq . ( 5 ) .  By 
calculating  the  Strehl  Ratio  from  the  integral  of 
the  intensity  pattern,  error  is  reduced  by  the 
averaging  effect  of  the  integral.  However, 
finding  the  ratio  between  the  maximum  pixels  of 
the  tare  and  the  run  gives  good  agreement  in  most 

cases.  The  Strehl  Ratio  results  for  five  gases, 
two  beam  diameters  10.5  ami  10  cm),  anil  two 
downstream  locations  M.O  cm  and  2  1  ■;.%)  ar° 
given  in  Tauie  2  The  results  irrt  for  a  fr«*e 
stream  Mach  minuer  >»r  >  u  ami  were  found  from 
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dependent  on  ,  the  macro  scale,  wnich  increases 
with  thickness  1*1  and  thus  greater  degradation 
is  expected  Jowns r ream .  Finally,  wail  effects  are 
more  pronounced  downstream  and  thus  larger  pnase 
errors  occur  The  results  of  Table  2  can  be 
compared  with  similar  and  earlier  results  by 
Higgins  1 9 1  (Table  ^)  for  M  *  01  with 
interesting  changes  occurring.  As  Macn  nuaoer  is 
increased,  many  factors  which  can  improve  :>r 
degrade  the  image  occur.  For  instance,  for  ail 
mixtures,  the  refractive  index  tenas  towards  that 
for  air  at  room  conditions  winch  reduces  the 
phase  error  The  shear  laver  thicxness  decreases 
at  higner  Mien  numoer  which  also  reduces  the 
phase  error  An  increase  in  Reynold’s  Numoer 
would  be  expected  to  increase  phase  error  due  to 
higher  turbulence  intensity.  Table  2  and  i  show 
an  increase  in  Sf.renl  Ratio  for  all  cased  at  M  - 
06  which  indicates  the  first  two  effects  are 
mar**  important  in  -his  range  (compressibility 
effects  3 1  higher  Mnch  number  may  cause  larger 
refractive  index  i  !  m:  tuat.  ions  whicn  seriously 
degrade  *he  beam  [6!‘  The  calculated  error 
values  shown  *n  'Mime  2  are  based  o.a  estimates  of 
camera  noi  *’.  fluctuation  In  laser  background 
1  1  luminat  :  au  wi*n  -ime  ami  changes  :n  the  »ne  ir 
l.r-er  fr  i  ■.  '  •  run  Stair*u  of  S‘:r,h. 

litio  r«»**»r  •’•;*»  ;  me-  large  nnase 

r"n  ua\ •»  a  u  .  u  :»*  .a  the  f  lr 

field  such  ‘hat  Mie  metric*:;  »i  :  mruting  the 
S^refti  Mar;.'  nr  . ■  ir  .r*  m  .  r.^T  he  valid 
t’Ote  l  utH'ws  -Ml  :■»•?  jf  efluctive  ;wer  Ratio  for 
*  ■ .  ■  ,  a  ■»  e  *> 


Fig.  12  is  n  plot  of  Strehl  Ratio  versus  (a, 
nU*  on  a  log  scale.  The  results  tor  the  0.5  cm 
diaweter  beam  are  nearly  straight  lines  (except 
for  C0i)  which  Indicate  the  parameter  A  in  eq. 

(8)  is  a  constant  over  this  range  of  (&nL)1.  The 
behavior  of  COi  can  not  be  explained 
theoretically  and  is  presumed  to  be  In  error.  It 
is  probable  that  the  shear  layer  for  COi  is  too 
thick  which  decreases  the  Strehl  Ratio  and  shifts 
It  to  the  right  In  fig.  (12).  The  results  for 
1.0  ca  diameter  beans  are  more  troublesome  and 
•ay  be  In  error  due  to  reasons  discussed  earlier. 
Pig.  13  is  a  plot  of  the  parameter  A*(A/2k*) 
which  Is  found  from  eq.  (8)  versus  density  ratio 
and  ignoring  CO ^  again  shows  the  result  that  A 
varies  little  over  the  range  of  gases  for  the  0.5 
cm  case.  Eq.  (7)  is  derived  for  homogeneous 
turbulence  and  is  applied  to  the  present  results 
out  of  necessity.  Therefore,  an  inherent  error  in 
the  results  of  figs.  10  and  11  results  due  to  the 
presence  of  coherent  structure  in  shear  layers 
wnich  are  inhomogeneous  by  nature  and  may  cause 
tilt  and  focus  errors  which  are  not  accounted  f-r 
. n  eq  6)  However,  if  the  snap*  of  the 
reference  enni : gurar ion  is  not  changed 
drastically,  the  tilt  can  be  effectively 
corrected  for  in  Mm  lata  he  carrying  out  the 
integration  of  ‘he  inrensi’y  pattern  fron  the  new 
intensify  rmirud  .<•>  it  .on  This  effective 
correction  . s  ess  .mi.u  ;or  Mie  1.0  cm  beam  it 
2.0  cm  downs ? re  im  mu  for  some  of  the  large 
refractive  index  change  .-mixtures  which  have 
severe :v  Utereu  images.  However,  it  may  also  pe 
noted  that  the  snear  layer  becomes  more 
homogeneous  Jownstrenm  as  mixing  occurs.  The 
error  in  \  may  be  estimated  by  differentiating 
eq.  (8)  ind  is  found  to  jepenu  inversely  on  (^nL# 
and  directly  on  the  uncertainty  in  Strehl  Ratio. 
Therefore,  even  when  the  error  in  Strehl  Ratio  is 
small,  large  errors  may  result  in  A  when  (*nL)  is 
small.  The  constant  C  in  A  that  relates 
thickness  to  integral  turbulence  scale  has  been 
determined  by  other  researchers  and  is 
approximately  0.25  [8|.  Eliminating  this  factor 
from  A  .  the  constant  <**  relating  an  to  mean 
square  refractive  index  fluctuations  may  be 
determined.  Tacle  5  shows  <*  for  a  numoer  of 
gases.  The  data  fall  into  the  range  found 
previously  by  others  [6j.  Finally,  a  word  should 
be  said  about  previous  and  current  attempts  of 
modeling  phase  degradation  by  shear  layers  with 
homogeneous  turbulence  results.  The  data 
presented  here  agree  with  theory  and  previous 
experiments.  This  agreement,  in  some  cases  may  be 
strictly  fortuitous.  That  13  the  ins t untaneous 
results  due  to  coherent  structure  may  be  quite 
different  from  those  predicted  by  eq.  .(7)  and 
only  when  they  are  time  averaged  do  they  agree. 
For  example,  it  has  h*»**n  suggested  (10]  that  the 
shear  layer  may  refract  the  beam  back  and  forth 
with  a  high  er.c  :gh  ynuenev  that  the  tine 
averaged  effect  is  l  smeared  intensity 
distribution  mi..:."  fo  ‘ha'  produced  by  random 
k,:r‘.'ui*nce  7  :  ‘.2  snow*;  ’:*.»*  far  fie.-i 

..density  <ii  .:r  .ca  :  *  m  n-.\  iie  at  M  *  0-6. 
'..•arly.  this  nut  the  pat 'em  prodjc »  1  py 
homogeneous  t  ur  r.  a  i  once  and  may  be  part,  .lily 
explained  by  lar^e  scale  effects. 


3d 


Cone Ius ion 

The  time  averaged  Strehl  Ratios  for  various 
gases  and  beam  diameters  were  found 
experimentally.  Computer  Images  provided  other 
Information  such  as  power  and  Intensity 
distributions  In  the  far  field.  The  Strehl  Ratio 
results  were  used  with  a  theoretical  expression 
for  homogeneous  turbulence  so  that  the  near  field 
phase  error  could  be  Investigated  and  perhaps 
predicted  for  some  cases.  The  results  agreed 
reasonably  well  with  those  found  by  other 
!  researchers .  especially  at  the  smaller  beam 
diameter.  Image  degradation  Increased  with 
refractive  Index  difference,  downstream  distance, 
and  Increasing  beam  diameter.  The  time  averaged 
effects  of  large  scale  structures  In  shear  layers 
are  significant  but  there  Is  reason  to  believe 
that  Instantaneous  results  say  differ  and  should 
be  Investigated.  Finally,  the  use  of  a  computer 
coupled  Image  processing  system  is  hlgniy 
recommended  for  use  In  taking,  storing,  and 
manipulating  data. 
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INTRODUCTION  r, 

Optical  inhomogeneities  in  a  flow  field  can  seriously  degrade  the 
ability  to  focus  a  light  beam  through  the  flow  field.  There  are  many 
instances  where  one  encounters  turbulent  interfaces  in  gas  laser 
technology.^  Shear  layer  and  wakes  occur  in  the  resonators  of  high 

power  lasers,  for  example.  Coherent  vortical  structure  may  be  present  -J 

in  the  layer^J  and  could  cause  large  changes  in  refractive  index  as 

the  layer  entrains  the  ambient  air.  While  some  studies  of  laser  beam  *> 

degradation  by  shear  layers  have  been  carried  out,  they  have  for  the  y 

r 

most  part  ignored  any  ordered  contribution  and  instead  assumed  r 

spatially  homogeneous  turbul  ence.  Previous  studies  also  used  a 
narrow  range  of  experimental  parameters  so  that  a  study  with  a  broader 
range  of  experimental  conditions  is  warranted. 

This  paper  is  a  continuation  of  previous  work  in  the 
1  ahoratory^"4  >  ^  in  which  the  optical  properties  of  a  zero  velocity  \ 

ratio  shear  layer  have  been  experimentally  investigated.  This 
i nvol ves  a  systematic  investigation  with  independent  control  of 
density  and  compressibility  effects.  This  was  usually  accomplished  by 

using  free  jets  of  various  helium  and  argon  mixtures.  Near-field  ’ 

information,  such  as  spreading  rate  of  shear  layer,  was  mainly  '/ 

obtained  from  that  of  a  large  number  of  interferograms  or  schlieren  v 

photographs.  Shear  layer  thickness  measurements  which  cover  a  density  J 

ratio,  A  ,  from  0.2  to  7.4  and  Mach  number,  M,  from  0.1  to  2.0  are 
presented. 

While  near  field  i nterferograms  may  be  used  to  judge  the  source 
of  beam  distortion  and  magnitude  and,  in  some  instances,  may  be  used 
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to  calculate  the  far  field  effects,  the  measurement  of  the  far  field 
degradation  is  more  accurate.  This  paper  describes  the  technique  that 
was  used  to  obtain  data  directly  from  the  far  field  of  the  laser  beam 
after  passing  through  the  shear  layer.  The  principal  far  field  mea¬ 
surement  used  the  Strehl  ratio  in  which  the  time  averaged  peak 
intensity  of  a  high  quality  He-Ne  laser  beam  is  measured  in  the  far 
field  with  and  without  the  shear  layer  present.  The  ratio  of  these 
two  measurements  is  the  Strehl  ratio.  This  measurement  was 
accomplished  using  digital  optical  imaging  equipment  whereby  the  far 
field  data  could  be  numerically  processed  by  computer. 

EXPERIMENTAL  SETUP 

Three  contoured  nozzles  were  employed  for  the  investigation. 
They  are  2-0  symmetric  nozzles  with  a  square  exit  dimension  of  1.4  cm. 
The  ratio  and  angle  of  contraction  at  the  entrance  section  were 

designed  to  minimize  boundary  layer  growth.  The  contour  in  expansion 
section  of  the  supersonic  nozzles  were  designed  to  obtain  uniform 
supersonic  flow.  The  typical  momentum  thickness,  o  at  the  nozzle 
exit,  was  calculated  to  be  0.027  mm  for  M  =  0.1  and  0.050  mm  for 

M  =  1,4,  The  Reynolds  number,  based  on  the  nozzle  exit  dimension  and 
high  speed  gas  stream,  ranged  from  3.1*10^  to  75*10^.  The  gases 
tested  were  He,  Ar,  CO^,  SFg  and  He-Ar  mixtures  of  95%  He,  86%  He,  62% 
He,  38%  He  and  27 %  He  by  volume.  The  flow  was  surrounded  on  three 
sides  with  optical  glass  which  formed  the  test  section  (7.5  cm  * 
7.5  cm  x  1.4  cm).  A  plane  2-0  shear  layer  was  formed  at  the  fourth 
edge  where  the  jet  was  allowed  to  mix  with  the  ambient  still  air.  An 

extension  (7.5  x  32  x  1.4  cm)  was  placed  downstream  of  the  test 

section  to  eliminate  anomalous  entrainment  of  the  ambient  air  in  the 
test  section. 

For  the  near  field  investigations,  conventional  Mach-Zehnder 
(M-Z)  i nterf erometer,  shear  interferometer  and  schlieren  were  used  to 
obtain  information  after  passing  through  the  shear  layer.  For  the  far 
field  investigation,  a  di ffraction-l imi ted  He-Ne  laser  beam  was  used 
to  produce  the  Fraunhoffer  diffraction  pattern.  The  beam  was 
spatially  filtered,  expanded,  collimated,  and  then  masked  by  a 


circular  aperture  to  produce  a  parallel  test  beam  of  nearly  constant 
intensity.  This  beam  was  then  passed  through  the  mixing  layer  and 
then  entered  a  reducing  telescope  to  bring  the  di ffraction-1 imited 
beam  into  a  convenient  range  on  the  optical  table.  A  (CCD  type) 
electronic  camera  then  captured  the  image  of  the  diffraction  pattern 
for  digital  storage  and  analysis  on  a  computer. ^ ^ 

NEAR  FIELD  MEASUREMENTS 

One  of  the  length  scales  that  characterize  a  shear  layer  is  the 
thickness  of  the  shear  layer.  The  time  averaged  M-Z  i nterferogram  and 
shear  i nterferograms  of  the  shear  layer  were  taken  to  obtain  the  mean 
growth  rate  of  the  index  of  refraction  profiles.  The  process  of  data 
reduction  may  be  found  in  Refs.  4  and  5.  The  M-Z  interferometer  was 
only  functional  at  low  Mach  numbers  due  to  vibration  problems. 
However,  the  shear  interferometer  could  still  provide  readable  inter- 
ferograms  at  Mach  numbers  up  to  1.4. 

The  data  was  processed  by  a  computer  program  that  calculates 
self-similar  profiles  and  the  location  of  the  virtual  origin.  The 
shear  layer  width  is  defined  by  the  slope  of  straight  line  passing 
through  relative  index  change  of  0.1  and  0.9.  The  accuracy  of  the 
reading  is  believed  to  be  around  0.2  fringe  spacing.  Figure  1  shows 
typical  refractive  index  profiles  plotted  in  nondi mens  i  onal 
coordinates  for  the  M-Z  i nterferogram  shown  in  Fig.  2.  The  various 
points  refer  to  three  axial  locations  and  their  near  coincidence  in 
nondimensional  coordinates  shows  good  sel  f-simi 1 ari ty  of  the  flow 
f  i  el  d . 

Ensemble  averaged  schlieren  photographs  were  also  taken  parallel 
to  the  shear  layer.  The  visual  growth  rate  of  shear  layer  was 
measured  by  drawing  straight  line  tangents  to  the  edges  of  the  shear 
layer,  as  done  by  Ref.  2.  Considering  the  uncertainty  in  defining  the 
edges  of  the  layer,  the  error  in  growth  rate  is  estimated  to  be 
10-20%. 

A  set  of  complete  data  of  both  types  of  measurements  is  presented 
in  Table  1.  Correspondingly,  the  shear  layer  thickness,  a,  vs.  M  and 
A  are  presented  in  Figs.  3  and  4  respectively.  The  growth  rates 


decreased  dramatica  I  ly  with  increasing  M  and  were  only  weakly 
dependent  on  Xp.  It  can  be  seen  from  Fig.  4  that  the  growth  rate 
varied  more  near  the  region  of  M  =  1  than  elsewhere.  The  growth  rate 
decreases  2. 5-3. 5  times  as  M  goes  from  subsonic  to  supersonic.  In 
contrast,  the  growth  rate  increases  not  more  than  30%  for  an  order  and 
one-half  increase  in  density  ratio,  as  seen  in  Fig.  3.  Coherent 
structure  was  only  observed  at  M  s  0.6  as  determined  by  schlieren  pho¬ 
tographs  . 

Stop-action  ruby  laser  i nterf erograms  taken  normal  to  the  shear 
layer  gave  near  field  results  over  the  entire  Mach  number  range. 
These  pictures  show  that  the  He/air  layer  would  produce  the  largest 
beam  degradation,  as  can  be  seen  in  Fig.  5. 

FAR  FIELD  MEASUREMENT 

The  optical  data  in  this  study  are  based  on  a  reference  beam 

formed  by  a  plane  wave  incident  on  a  circular  aperture.  The  resulting 

far  field  diffraction  pattern  is  the  Airy  pattern,  which  consists  of  a 

central  bright  spot  known  as  the  Airy  disk  surrounded  by  concentric 

subsidiary  maxima. The  power  in  the  beam  within  a  radius  r  is 

found  by  integrating  this  far  field  intensity  pattern  over  the  area. 

The  power  vs.  nondimens i cna  1  radius  is  given  in  Ref.  8  and  shows  that 

84%  of  the  power  is  within  the  first  ring  of  the  ideal  Airy  pattern. 

The  Strehl  ratio  can  be  found  by  di  f ferenti ati ng  the  power 

distribution  with  respect  to  r  as  r  goes  to  zero.  As  the  power  is 
r 

given  by  p  =  2^  /led;  for  a  symmetric  pattern,  then  the  intensity  is 
o 

given  by 

r 
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The  Strehl  ratio  is  thus  found  by  taking  the  ratio  of  eq.  (1)  with  and 
without  flow.  No  tilt  or  focus  correction  was  applied  to  these 
measurements . 

Sutton-^  has  derived  a  theoretical  expression  for  the  Strehl 
ratio  assuming  a  homogeneous  turbulence  zone  as 


=  exp[-r]  =  exp[-2k^<An '  ^>aL]  . 


e 


n 

[-$  ]  is  the  mean  square  phase  error  in  the  near  field,  A  is  the 

O 

integral  turbulence  scale,  L  is  the  width  of  the  zone,  and  <An  >  is 
the  mean  square  refractive  index  perturbation  in  the  zone.  The 
results  of  the  Strehl  ratio  study  and  shear  layer  growth  study  may  be 
correlated.  In  a  case  where  no  coherent  structure  is  seen,  the  scale 
length  in  the  shear  layer  may  be  assumed  to  be  1/4  of  to  the  measured 
shear  layer  thickness. ^  Under  this  condition,  one  may  write 

J-  =  exp[-k2a2An262/2]  ,  (3) 

o 

where  An  is  the  index  refraction  change  across  the  layer  ana  L  is 
replaced  by  6  which  is  measured  from  the  experiment.  The  constant,  .i, 
■>s  then  derived  from  the  Strehl  ratio.  This  permits  a  semi  -empi  rical 
prediction  of  optical  performance  with  respect  to  the  mean  thickness 
of  the  shear  layer. 

A  time-averaged  digitized  electronic  image  of  the  laser  beam  was 
used  as  the  principal  measurement.  Each  image  gives  quantitative 

information  on  position  and  intensity  of  the  laser  beam  in  the  far 
field.  Experiments  were  run  with  various  gases  at  different  Mach 
numbers  so  beam  degradation  as  a  function  of  experimental  parameters 
could  be  found. 

Figures  6  and  7  show  computer-drawn  images  of  the  far  field  with 
and  without  flow  for  62%  He  mixture  at  M  =  0.6.  Each  line  in  the 
figures  represents  tne  digitized  signal  from  the  corresponding  line  of 
the  camera  array.  Only  every  sixteenth  line  is  plotted  and  this  is 
typical  of  the  results  found.  The  images  in  Figs.  6  and  7  are  for  an 
0.5  cm  beam  and  were  taken  with  0.1  sec  exposure  time.  It  was  found 
that  a  decrease  in  beam  diameter  dramatically  improved  the  Strehl 
ratio.  For  example,  at  M  =  0.6  the  Strehl  ratio  for  86%  He 

(An  =  2x10“' )  decreases  when  beam  diameter  is  increased  from  0.5  cm  to 
1.0  cm  at  1.0  cm  downstream  of  the  nozzle  exit.  Downstream  location 
also  has  a  large  impact  on  Strehl  ratio.  An  increase  in  downstream 
distance  of  1.0  cm  for  0.5  cm  beam  also  decreases  the  Strehl  ratio,  as 
may  be  expected  because  of  the  increase  in  layer  thickness.  The 
variation  of  Strehl  ratio  with  density  ratios  for  M  =  0.6,  0.9  and  1.4 
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were  measured.  As  the  spreading  rate  for  all  the  shear  layers 
increases  with  density  ratio,  increasing  degradation  with  density 
ratio  is  expected. 

Equation  (4)  relates  the  mean  square  phase  error  in  the  near 

p  p  p 

field  to  An  ,  6  ,  k^  and  a  constant.  The  Strehl  ratio  data  were 

plotted  on  a  log  scale  versus  kAno  for  an  0.5  cm  beam.  A  visual  best 
fit  straight  line  was  drawn  for  each  case.  The  lines  fit  the  data 
well  except  CO2.  The  slope  of  the  line  yields  u^/2  which  ideally 

p 

should  be  constant.  The  values  of  nr  were  found  to  be  quite  variable 
but  on  the  same  order  as  those  reported  by  others. Attempts  to  fit 
the  1  cm  beam  data  as  above  did  not  give  a  straight  line,  which  leads 
one  to  believe  the  large  beam  is  more  affected  by  the  inhomogeneous 

nature  of  the  shear  layer.  The  tabulated  values  of  .1  and  Strehl  ratio 

for  each  measurement  are  given  in  Table  II. 
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4  Fig.  2.  Long  Exposure  Interfer 
j  ogram  at  fl=0. 1  and  \,  =  1  . 1  .  Ga 
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Fig.  1.  Nondimensional  Index  0 
Profiles  for  M-O.l  and  \D  =  3.2. 
x  is  the  distance  downstream  of  0 
the  nozzle  exit. 
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Fig.  A.  Effect  of  M  on  Spreading  Rate. 
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Fig.  5.  Stop-Action  Interferograms 
Normal  to  Shear  Layer  at  M=0.1. 

Flow  is  from  left  to  richt. 


Fig.  6.  Computer  Drawn  Image  of  a 
=3=0.5  cm  Beam  in  the  Far  Field.  Sub 
HHsidiary  maxima  are  lost  in  camera 
HHnoise.  Without  flow. 


Fig.  7.  Computer  Drawn  Image  of 
a  0.5  cm  Beam  after  Passing 
through  a  Shear  Layer  in  the  Far 
Field,  x  =  1.0  cm. 
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